Inosine is a potent primary stimulus of insulin secretion from isolated mouse islets. The inosine-induced insulin secretion was totally depressed during starvation, but was completely restored by the addition of 5mmi-caffeine to the medium and partially restored by the addition of 5mM-glucose. Mannoheptulose (3mg/ml) potentiated the eflect of lOmM-inosine in islets from fed mice. The mechanism of the stimulatory effect of inosine was further investigated, and it was demonstrated that pancreatic islets contain a nucleoside phosphorylase capable of converting inosine into hypoxanthine and ribose 1-phosphate. Inosine at 10mM concentration increased the lactate production and the content of ATP, glucose 6-phosphate (fructose 1,6-diphosphate+triose phosphates) and cyclic AMP in islets from fed mice. In islets from starved mice inosine-induced lactate production was decreased and no change in the concentration of cyclic AMP could be demonstrated, whereas the concentration of ATP and glucose 6-phosphate rose. Inosine (10mM) induced a higher concentration of (fructose 1,6-diphosphate+triose phosphates) in islets from starved mice than in islets from fed mice suggesting that in starvation the activities of glyceraldehyde 3-phosphate dehydrogenase or other enzymes below this step in glycolysis are decreased. Formation of glucose from inosine was negligible. Inosine had no direct effect on adenylate cyclase activity in islet homogenates. The observed changes in insulin secretion and islet metabolism mimic what is seen when glucose and glyceraldehyde stimulate insulin secretion, and as neither ribose nor hypoxanthine-stimulated insulin release, the results areinterpreted as supporting the substratesite hypothesis for glucose-induced insulin secretion according to which glucose has to be metabolized in the fl-cells before secretion is initiated.
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It is assumed that glucose initiates insulin secretion by interaction with a cellular receptor, but the precise nature of this receptor has not yet beenclearly defined. It has been suggested that excitation of the secretory process by glucose may involve metabolism of the sugar, the 'substrate-site hypothesis' (Grodsky et al., 1963; Coore & Randle, 1964) or that secretion is triggered by a direct binding of the glucose molecule to the receptor (Randle et a!., 1968; Cerasi & Luft, 1970) . A combination of these mechanisms may also be a feasible model for glucose-induced secretion (Ashcroft et al., 1973b) . Studies with glyceraldehyde (Ashcroft et al., 1973b; Hellman et al., 1974) 
Methods
Preparation of islets. Pancreas from male albino mice (Theillers original strain; Tuck and Son, Raleigh, Essex, U.K.) were used. For each experiment 12-20 mice ofthe same age and weight (20-22g) were selected and divided into two groups. One group was fed on a standard laboratory diet ad libitum for 24h and the other was starved for 48h (with free access to drinking water) before being killed by decapitation. Starvation was carried out in wirebottomed metabolic cages to minimize coprophagy. Islets were separated by a collagenase method and harvested with a loop as described by Coll-Garcia & Gill (1969) .
Insulin release. Batches of five islets were incubated (with shaking) in 0.3 ml ofKrebs bicarbonate medium (Krebs & Henseleit, 1932) containing human serum albumin (2mg/ml) and other additions as stated. The tubes were incubated at 37°C for 2h, gently centrifuged and a sample (0.1 ml) of the medium was removed, diluted with a 0.04M-sodium phosphate buffer, pH 7.4, containing human serum albumin (10mg/ml) and stored at -20°C until assay by radioimmunoassay (Heding, 1966) with mouse insulin as standard.
Nucleoside phosphorylase assay. Some 200 islets were collected in 50p1 of a 0.1 M-phosphate buffer, pH 7.4. A homogenate was made by sonication, and the nucleoside phosphorylase activity was measured in 1 ml of the same buffer supplemented with inosine (0.22mM) and xanthine oxidase (0.012 unit/ml). The E293 of the uric acid formed in this reaction was measured; the enzyme activity was linear for at least 1 h.
Lactate production. Some 100 islets were collected in 100ul of the Krebs bicarbonate buffer with no further addition, or supplemented with 10mM-inosine, and incubated for 2h at 37°C. HCI (0.075M; 150p1) was added and the tubes were heated at 60°C for 60min. After sonication and centrifugation the lactate in the supernatant was assayed as described by Ashcroft et al. (1970) .
ATP assay. ATP was measured by means of firefly luciferase as described in detail by .
Fructose diphosphate assay. The content of fructose 1,6-diphosphate was determined as described by Ashcroft et al. (1973a) . Fructose 1,6-diphosphate was converted into 3-phosphoglyceric acid and the NADH produced was measured in a liquid-scintillation spectrometer after the addition of bacterial luciferase.
The assay measures the sum of fructose 1,6-diphosphate and triose phosphates.
Glucose 6-phosphate assay. Glucose 6-phosphate was converted into 6-phosphogluconate and the NADPH produced was measured by means of bacterial luciferase as described by Ashcroft et al. (1973a) . Cyclic AMP assay. Cyclic AMP was determined by aprotein-bindingradioassay as described by .
DNA content. DNA content of samples of the homogenate was assayed by the methods of Kissane & Robbins (1958) with calfthymus DNA as standard. The fluorimeter was a thermostatically controlled Aminco-Bowman spectrofluorimeter.
Glucose assay. Some 15 islets were incubated in 15p1 of gassed (02+CO2, 95:5) Krebs-Henseleit (1932) buffer, pH 7.4, or in the same buffer containing 10mM-inosine. The glucose concentration in the incubation medium (where all the glucose was found) was determined as the NADPH formed after the addition of hexokinase, glucose 6-phosphate dehydrogenase and NADP+ by the aid of bacterial luciferase as described by Ashcroft et al. (1973a) . Adenylate cyclase assay. Some 100-200 islets were collected in 150,l of 25mM-Tris buffer, pH7.6, containing 5mM-MgCI2 and 1 mM-EDTA. A homogenate was prepared by sonication. A sample of the homogenate was added to the reaction mixture, which consisted of 25mM-Tris buffer, pH7.6, with 1 mM-EDTA, 0.15% human serum albumin, 5mM-MgCI2, 1.5 mM-3-isobutyl-1-methylxanthine, and 3.0 mM-ATP and incubated for 30min at 30°C. The total incubation volume was 40pl. The reaction was stopped by the addition of 8p1 of 2.5M-H2SO4. The non-cyclic nucleotides were precipitated by the addition of 16,p1 of 1 M-barium acetate and the precipitate was removed by centrifugation. The pH of the supernatant was adjusted to 5.5 with 0.4M-trisodium phosphate, and the cyclic AMP content was determined as described above.
Assay of lactate dehydrogenase activity. Some 200 islets were collected in 50ul of 50mM-Tris/HCI buffer, pH 7.4, containing 5mM-MgCl2 and 0.25 mM-EDTA. A homogenate was prepared by sonication and the sonicate was dialysed against the same buffer. A sample of the homogenate was added to the reaction mixture which consisted of (final concentrations): 5OmM-Tris/HCl buffer, pH7.4; 2mM-sodium pyruvate; 0.2mM-NADH; 1 .5mM-MgCI2; 0.05 mM-EDTA; 0.03 % human serum albumin. Incubation was carried out for 20min at 371C. The total incubation volume was 200,u1. The reaction was stopped by adding 20pl of 2M-HCI, which also destroyed all NADH in the course of 30 min at room temperature. The NAD+ formed was measured as the fluorescence induced by adding 200,l of 12M-NaOH and incubating the mixture for 30min at 37°C. Before reading the 1976 fluorescence the samples were diluted by the addition of 2.6ml of distilled water. Blanks without either pyruvate or homogenate were run in each assay.
Results
Insulin secretion Fig. 1 shows the dose-response curve for inosinestimulated insulin secretion. In the absence of glucose as little as 2.5 mM-inosine significantly stimulates secretion in islets from fed mice (P < 0.01). A maximum secretory response is seen at 5 mM-inosine. Further addition of inosine has no effect on the insulin secretion. Starvation decreases the inosineinduced insulin secretion totally. Table 1 shows the insulin secretion when inosine is supplemented with glucose or some modifiers of glucose-induced insulin secretion. Glucose (5mM) potentiates the effect of 5mM-inosine both in islets from fed and starved mice (although not statistically significant in the fed state). Caffeine (5mm) also potentiates the secretory response to inosine, and it restores the decreased insulin secretion seen during starvation completely. Mannoheptulose, which inhibits glucose-stimulated insulin release, presumably by interaction with the glucose-phosphorylating enzymes, has a potentiating effect on inosine-induced secretion in islets from fed mice. It is well documented that ribose does not stimulate release in mouse islets (Ashcroft et al., 1972) . In our system neither 10mM-ribose nor lOmM-hypoxanthine affected insulin release (results not shown).
IOOQ .
8.00 ik600. As the ability of inosine to function as a primary stimulus of insulin secretion may be due not to inosineitself, butto ametabolicproduct ofinosineformed during incubation, we have tried to determine whether inosine is in fact metabolized in the islets. It was possible to demonstrate a nucleoside phosphorylase in homogenates of islets which is capable of splitting inosine to hypoxanthine and ribose 1-phosphate.
The activity of this enzyme was about 9.7±0.4nmol/ h per pg of DNA (mean±s.E.M., n = 5) in islets from fed mice and 8.9±0.7nmol/h per ,ug of DNA (mean+ S.E.M., n = 5) in islets from starved mice. The difference between the fed and starved state was not statistically significant. This activity is of the same order of magnitude as the glucose-phosphorylating capacity in mouse islets . If the ribose part of inosine is further metabolized through the pentose phosphate cycle, a rise in the concentration of the glycolytic intermediates and an increased production of lactate would be expected. Table 2 shows that the content of (fructose 1,6-diphosphate+ triose phosphates) is raised about threefold in islets from fed mice and about fivefold in islets from starved mice. The concentration of (fructose 1,6-diphos- which is about one-half of the lactate output seen after incubation with 16.7mM-glucose . After starvation inosine-induced lactate production was decreased approx. 70% to a value of 52±25pmol/2h per 10 islets (P < 0.025, mean±S.E.M., n = 6). The maximally extractable lactate dehydrogenase activity was not changed by starvation being 7.4±2.Onmol/h per ug of DNA (mean±s.E.M., n=4) in the fed state and 8.6±1.6
nmol/h per pg of DNA (mean± S.E.M., n=4) in the starved state. As shown in Table 2 , inosine prevents the fall in ATP content normally seen when the islets are incubated without glucose (Ashcroft et al., 1973b) . Inosine established a significantly higher ATP content in islets from both fed and starved mice than that found in the control islets. We have demonstrated ) that glucose increases the concentration of cyclic AMP in islets from fed mice, but not in islets from starved mice. This phenomenon is also observed after incubation with lOmM-inosine. Inosine increases the content of cyclic AMP by 44 % in islets from fed mice, whereas virtually no change is seen in islets from starved mice. In two experiments 10mm-inosine did not affect adenylate cyclase activity in homogenates of islets from either fed or starved mice (results not shown).
In all experiments mentioned above, control incubations were made with lOmM-hypoxanthine instead of lOmM-inosine. In no instance were the measured parameters influenced by the addition of hypoxanthine.
Discussion
To our knowledge inosine has not previously been shown to be a primary stimulus of insulin secretion. Feldman & Jackson (1974) showed that lOmM-adenosine stimulates insulin secretion, whereas uridine has no effect on secretion. During starvation inosinestimulated insulin secretion was depressed, but when 5mM-caffeine was added to the medium the impaired insulin response was restored. The mechanism of this restoring capacity of caffeine is discussed in more detail elsewhere (Hedeskov & Capito, 1975) . Feldman & Jackson (1974) have proposed that adenosine stimulates insulin secretion by being converted into ATP. It is hardly likely that such a mechanism underlies the inosine stimulation since inosine cannot be phosphorylated to IMP (Whittam & Whiley, 1967) . Tables 1 and 2 show that no correlation exists between the ATP content in the islets and the insulin secretion.
Inosine might have a direct effect on calcium translocation in islets. However, Howell & Montague (1975) were unable to find any effect of adenosine on 45Ca accumulation in homogenates of rat islets 1976 and, taking into account the structural analogy between inosine and adenosine, this possibility seems very remote.
We rather favour the idea that the stimulatory effect of inosine is due to a metabolic product of the nucleoside. This assumption is based on the alterations in islet metabolism that are found in the fed state after incubation with inosine. The necessary nucleoside phosphorylase activity is present; lactate production can be demonstrated, the content of (fructose 1,6-diphosphate+triose phosphates) and of glucose 6-phosphate is raised 300 and 65 % respectively, and the ATP content is about 50% higher in islets incubated with lOmM-inosine than in control islets. Inosine (10mM) also causes glucose production in the islets which, however, is so slight that stimulatory concentrations of glucose in the medium can not be reached during a 2h incubation.
We have shown ) that glucose increases the concentration of cyclic AMP in islets from fed mice but not in islets from starved mice, and concluded that the effect was not due to glucose itself, but to a glucose metabolite. Inosine (10mM) causes a rise in cyclic AMP content similar to that seen with 17mM-glucose, but again the effect is only observed in islets from fed mice. As the inosineinduced lactate production is depressed during starvation, and the concentrations of (fructose 1,6-diphosphate+triose phosphates) are significantly higher than in the fed state, it is tempting to speculate that the failure of inosine to raise the concentration of cyclic AMP in islets from starved mice may also be due to decreased formation of a glycolytic intermediate below the triose phosphate level, or to a decreased reoxidation of NADH.
Both glucose-induced and inosine-induced insulin release is impaired during starvation. The impairment is in both cases correlated with a decreased lactate formation . However, as opposed to when glucose is the stimulus, inosine produces a higher content of (fructose 1,6-diphosphate+triose phosphates) during starvation than that seen in the islets from fed mice. A decreased affinity for glucose of the hexose phosphorylating enzymes has been demonstrated in islets from starved mice , but as the suggested pathway for inosine metabolism circumvent the hexokinase-glucokinase step, these enzymes can not be the ones that are regulated by starvation in the inosine experiments.
The results seem to indicate that some enzyme step in the glycolytic pathway below the triose phosphate level, e.g. glyceraldehyde 3-phosphate dehydrogenase, is sensitive to starvation when inosine is the stimulus and that initiation of insulin release by inosine may depend on the production of a metabolic signal below the triose phosphate level, or a sufficient reoxidation of NADH. This suggestion agrees with the observed correlation between glucose-induced insulin secretion and the availability of NAD+ in the cells (Deery & Taylor, 1973) , and with the suggestion put forward by Hellman et al. (1974) that oxidation of glyceraldehyde 3-phosphate may be rate-limiting for insulin secretion. Decreased activity ofglyceraldehyde 3-phosphate dehydrogenase may be due to either a decreased amount of enzyme or a diminished reoxidation of NADH by the aglycerophosphate shuttle, other shuttles or by lactate dehydrogenase. From our experiments it can only be said that the maximally extractable amount of lactate dehydrogenase is not diminished during starvation.
Mannoheptulose has a slight potentiating effect on the inosine-induced insulin release. A similar effect of mannoheptulose is seen, when insulin secretion is induced by glyceraldehyde (Ashcroft et al., 1973b; Hellman et al., 1974) , which speaks in favour of the proposed mode of action of inosine. The mechanism of this potentiation by mannoheptulose is not known, but may be related to a decreased oxidation of pyruvate (Hedeskov et al., 1972) .
The present results do not enable us to exclude completely that inosine itself has a direct effect on a membrane receptor in the islets, but the fact that neither ofthe two constituents ofthe inosine molecule (ribose and hypoxanthine) stimulated insulin release makes it seem very unlikely that inosine itself would bind to a membrane receptor and thereby trigger insulin release. On the contrary, the many striking similarities between the effects of glucose, glyceraldehyde and inosine on insulin secretion and islet metabolism suggest that by being metabolized and furnishing glycolytic intermediates inosine acts as a functional analogue ofglucose as a secretory stimulus.
